Abstract. We study in a quantitative manner the lepton asymmetry L (net leptons number per photon) in the Universe and its impact on Universe expansion. This is quantified via the standard tool, the effective number of Dirac neutrinos N eff ν . Specifically, we present the dependence of N eff ν on the ambient temperature and the neutrino chemical potential and show the resultant neutrino yields in the cosmic background. We then obtain the dependence of |L| and the baryon-number to lepton-number ratio, B/|L|, on N eff ν . Our results suggest that a value |L| = 0.46 ± 0.06 and B (1.33 ± 0.18) × 10 −9 |L| may be considered.
Introduction
In the current standard cosmological model, asymmetry between leptons and anti-leptons L ≡ [N L − N L ]/N γ (normalized with the photon number) is in general assumed to be small (nano-scale) so that the net normalized lepton number equals the net baryon number L = B, B = [N B − N B ]/N γ . However, there is another 'natural' choice L 1, making the net lepton number and net photon number in the Universe similar.
The Dirac neutrino cosmic background can shelter such a large lepton asymmetry N L − N L ∝ N γ [1, 2, 3, 4, 5, 6, 7, 8, 9] . Models of efficient leptogenesis [7, 9, 10, 11, 12] have been explored and they show that a large lepton asymmetry is a possible cosmic situation. This motivates a discussion of the observational manifestations of such asymmetry.
Additional motivation arises from the widely discussed tension existent in astronomical analysis of the current era (z 1 − 4) Hubble expansion rate (H 0 ) [13, 14] , as compared to the value H CMB obtained when extrapolated from the era of photon decoupling (z 1000) obtained from CMB Planck data analysis [15, 16] .
Barenboim, Kinney and Park [8, 9] note that the lepton asymmetry of the Universe is one of the most weakly constrained parameters and propose leptogenesis scenarios able to accommodate a large lepton number asymmetry surviving up to this date. Our work extends their qualitative discussion of these constraints by quantifying the impact of large lepton asymmetry on Universe expansion.
Like prior work [5, 6, 7, 8, 9, 10, 11] , we assume that lepton asymmetry migrates into the Dirac neutrino background, creating different densities of neutrinos and antineutrinos. As is standard, the effects of such neutrino asymmetry on the expansion of the Universe is quantified via the effective number of neutrinos
where ρ tot ν is the total energy density in neutrinos and T γ is the photon temperature. N eff ν is defined such that three neutrino flavors with zero participation of neutrinos in reheating during e + e − annihilation results in N eff ν = 3. The factor of (4/11) 1/3 relates the photon temperature to the (effective) temperature of the free-streaming neutrinos after e ± annihilation, under the assumption of zero neutrino reheating; see section 2 below and e.g. [17, 18] for further discussion.
The currently accepted theoretical value is N eff ν = 3.046, after including the slight effect of neutrino reheating [19, 20] . The favored value of N eff ν can be found by fitting to CMB data. In 2013 the Planck collaboration found N eff ν = 3.36 ± 0.34 (CMB only) and N eff ν = 3.62 ± 0.25 (CMB and H 0 ) [15] ; moreover, the discrepancy between H CMB and H 0 has increased [13, 14, 16] . This tension, and the possibility that leptogenesis in the early Universe resulted in neutrino asymmetry, motivates our study of the dependence of N eff ν on L.
Here and below we refer to yields (upper case subscript letters N L , N B , etc) in the comoving, i.e., expanding, Universe volume, scaled with the Universe expansion factor a(t) 3 (FLRW cosmological metric g 00 = 1, g ii = −a 2 , i = 1, 2, 3), where H ≡ȧ/a is the Hubble expansion rate. The present epoch measured rate is denoted H 0 and the present rate extrapolated from z 1000 is denoted by H CMB . The scaling factor is also often found in the temperature parameter as we discuss below. Lower letters i.e., n ν , refer to the time-dependent (here neutrino) particle number density in the (FLRW) Universe rest frame.
where Γ and ζ are the gamma function and Riemann zeta function respectively. Hence the total neutrino energy density (again, under the approximations T f m ν , T ν m ν ) can be written as
Substituting Eq. (7) into Eq. (1), the effective number of neutrinos is given by
From Eq. (8) we obtain, for the standard photon reheating ratio T ν /T γ = (4/11) 1/3 [17] and degeneracy g ν = 3 (flavor), the relation between the effective number of neutrinos and the chemical potential at freezeout [2, 3, 4, 5, 6, 7 ]
As noted, Eq. (9) is well known. However, we present here for the first time a quantitative exploration of its consequences in the context of neutrino cosmology. In order to relate the chemical potential to N eff ν we solve Eq. (9) for µ ν /T f and obtain
The approximation is the result of Taylor expanding the innermost root, or equivalently, from neglecting the (µ ν /T f ) 4 term in Eq. (9). In Fig. 1 we plot the free-streaming neutrino chemical potential |µ ν |/T f as a function of the effective number of neutrinos N eff ν . In the parameter range of interest, we find that the term (µ ν /T f ) 4 only contributes ≈ 2% to the calculation and henceforth we neglect it, and use the approximation Eq. (11) .
The SM value of the effective number of neutrinos, N The neutrino (antineutrino) number density is given by
p 2 dp where use lower letters for densities (no expansion factor a 3 ). The difference in yield of neutrinos and antineutrinos can evaluated using Eq. (6)
Hence the density ratio between neutrinos and antineutrinos can be written as
where we define the dimensionless variables ξ = p/T ν , µ ν = µ ν /T f . In Fig. 2 we show the ratio between neutrino and antineutrino number density as a function of the effective number of neutrino species N eff ν . At zero chemical potential, we can also compute the reference total neutrino density
Again, after changing variables ξ = p/T ν , the ratio between the total number density and number density at zero chemical potential can be written
In Fig. 3 we plot this ratio as a function of N 3.36 ± 0.34 (CMB) and N eff ν = 3.62 ± 0.25 (CMB and H 0 ), we have 1.108 n ν + nν / n ν + nν 0 1.187, i.e., the increase in the total number density is approximately 10.8% to 18.7% today. We now obtain the relation between neutrino chemical potential and the baryon to lepton ratio. Let us consider the neutrino freezeout temperature T f 2.0 MeV; here we treat neutrino freezeout as occurring instantaneously and prior to e ± annihilation (implying zero neutrino reheating). Comoving lepton (and baryon) number is conserved after the epoch of leptogenesis (baryogenesis, respectively) which (as all agree) precedes the epoch under consideration in this work (T 2 MeV). However, the photon number N γ changes due to reheating, and accommodates the large number of photons originating from -Charge neutrality (n e − n e ) = (n p ); this condition is required to eliminate Coulomb energy and maintain charge neutrality in the Universe. -The total entropy-per-baryon is a constant, s/n B = Const, after neutrino freezeout. This follows from observing that both free-streaming systems and systems in equilibrium have preserved comoving entropy.
The lepton-density asymmetry at neutrino freezeout can be written as
where we use the subscript f to indicate that the quantities should be evaluated at the neutrino freezeout temperature. As a first approximation, here we assume that all neutrinos freeze out at the same temperature and their chemical potentials are the same; i.e.,
Furthermore neutrino oscillation implies that neutrino number is freely exchanged between flavors; i.e., ν e ν µ ν τ , and we can assume that all neutrino flavors share the same population. Under these assumptions, the leptondensity asymmetry can be written as
where the three flavors are accounted for by taking the degeneracy g ν = 3 in the last term. The baryon-density asymmetry b at neutrino freezeout is given by
where n n and n p are negligible in the temperature range we consider here. Taking the ratio f /b f , using charge neutrality, and introducing the entropy density we obtain
where use lower letters for densities (no expansion factor a 3 ), for example n B for the baryon number density, and the proton concentration at neutrino freezeout is given by
with Q = m n − m p = 1.293 MeV. We neglect the electron chemical potential in the last step because the e ± asymmetry is determined by the proton density, and at energies of order a few MeV, the proton density is small, i.e., µ e T f . However, as we will see, for our study of N eff ν we will be interested in the case of a large lepton-to-baryon ratio. From Eq. (22) it is apparent that this can only be achieved through the second term in Eq. (21), with the first term then being negligible, as it is less than 1. So we further approximate
We retained the full expression Eq. (22) in our above discussion to show that the presence of a chemical potential µ ν 0.2Q could lead to small, perhaps noticeable, effects on pre-BBN proton and neutron abundance. We defer this unrelated discussion to a separate work. Note that for large |µ ν |, Eq. (24) implies that the signs of µ ν and f are the same. However, for very small µ ν the sign of f is determined by the interplay between (anti)electrons and (anti)neutrinos; i.e., there is competition between the two terms in Eq. (19) .
The total entropy density at freezeout can be written
where the g s * counts the degree of freedom for relativistic particles [17] . At T f 2MeV, the relativistic species in the early Universe are photons, electron/positrons, and 3 neutrino species. We have
where the degrees of freedoms are given by g γ = 2, g e ± = 4, and g νν = 6, and we have T ν = T γ = T f at neutrino freezeout. Finally, since the entropy-per-baryon from neutrino freezeout up to the present epoch is constant, we can obtain this value by considering the Universe entropy content today [23] . For T 1 MeV, the entropy content today is carried in photons and neutrinos
The entropy per particle for a massless boson at zero chemical potential is (s/n) boson ≈ 3.602 and B = n B /n γ = 0.605×10 −9 (CMB) [24] . Given the nonzero neutrino chemical potential, the entropy density of the free-streaming distribution Eq. (2) (using the approximation m ν = 0) is
where the −, + are for neutrinos and antineutrinos respectively. Substituting Eq. (28) into Eq. (27), the entropyper-baryon can be written as
where t 0 denotes that we take the present day values. Inserting the numerical values and using the Eq. (7) and Eq. (13) we obtain the entropy-per-baryon as a function of µ ν /T f .
Substituting Eq. (12) 
in terms ofμ ν = µ ν /T f and the present day entropy-perbaryon. Multiplying Eq. (30) by B| t0 (which then cancels in Eq. (29)) we obtain the net lepton-to-photon ratio. This is shown in Fig. 4, as a function 
Conclusion and Discussion
We have addressed the tension that arises between the CMB measurement of the Planck Hubble expansion parameter H CMB and current epoch measurements H 0 . We believe that there is need for additional unobserved particles, leading to an increase in the Universe expansion rate. Considerable effort has been made in this direction, e.g., by introducing exotic and new 'dark' particles, see [25] and references therein. In this work a similar effect is achieved by introducing lepton asymmetry in the Universe. This is done by introducing the chemical neutrino potential µ ν . Prior studies of µ ν explored constraints on the neutrino chemical potential by experimental data [5, 6, 8, 7] : a) consequences for BBN of a large lepton asymmetry (a neutrino degeneracy) were considered, and b) Constraints on lepton asymmetry using the CMB angular power spectra were derived. In this context we believe that our work also using µ ν , for the first time offers a quantitative connection of µ ν with Universe Lepton abundance and asymmetry.
The standard cosmological model assumes (arbitrarily) that the asymmetry between leptons and anti-leptons is small, similar to the baryon asymmetry; most often it is assumed L = B. We consider L 1 and explore how this large cosmological lepton yield relates to the effective number of (Dirac) neutrinos N eff ν . We have shown that N eff ν > 3 results when a nonzero lepton asymmetry is hidden in the Dirac neutrino cosmic background, originating in the epoch of the neutrino freezeout from the cosmic plasma near T = 2 MeV.
A neutrino abundance increase at the level of 15% appears to be small. However, it reconciles tensions between the observed value of Hubble parameter in the current epoch [14, 13] 
